Glucoamylase from the yeast Saccharomycopsis fibuligera R64 (GLL1) has successfully been purified and characterized. The molecular mass of the enzyme was 56,583 Da as determined by mass spectrometry. The purified enzyme demonstrated optimum activity in the pH range of 5.6-6.4 and at 50 • C. The activity of the enzyme was inhibited by acarbose with the IC50 value of 5 µM. GLL1 shares high amino acid sequence identity with GLU1 and GLA1, which are Saccharomycopsis fibuligera glucoamylases from the strains HUT7212 and KZ, respectively. The properties of GLL1, however, resemble that of GLU1. The elucidation of the primary structure of GLL1 contributes to the explanation of this finding.
Introduction
Glucoamylase (EC 3.2.1.3) hydrolyzes α-1,4 and α-1,6 glycosidic bonds in starch starting from the nonreducing end to result in D-glucose (Sauer et al. 2000) . Therefore, the enzyme is widely employed in the food and fermentation industries, primarily in the production of glucose syrup that uses starch as the starting material (Pandey 1995) .
Glucoamylase can be found in various organisms, including yeast (Pandey 1995) . The food borne yeast Saccharomycopsis fibuligera (Sacfi) was shown to demonstrate high amylolytic activities, which cover αand gluco-amylases (Gonzalez et al. 2008) . Indeed, high level production of glucoamylase by Sacfi has been reported (Hostinova 2002; Chi et al. 2009 ). Investigations demonstrated variations in thermostability and substrate specificity between glucoamylases isolated from different Sacfi strains (Solovicova et al. 1999 ).
GLU1 and GLA1 encode glucoamylase from Sacfi strain HUT7212 (Yamashita et al. 1985) and KZ (Hostinova et al. 1991) , respectively. Intriguingly, while the sequence alignment of their gene products shows a high homology (Hostinova 2002) , the GLU1 and GLA1 exhibit different characteristics. The more recently reported Sacfi glucoamylase from IFO0111 (GLM1) that shares 77% similarity with GLU1 at nucleotide level (Hostinova et al. 2003 ) also shows different characteristics. GLM1 is capable of degrading a raw-starch substrate, while GLU1 can only bind it (Gasperik et al. 2005) . These findings suggest that glucoamylases from different Sacfi strains may have different properties, despite sharing high amino acid sequence identity.
In this paper, we report the characterization of a Sacfi glucoamylase from strain R64 (GLL1). This strain was the best amylolytic enzyme-producing microorganism (screened from 136 soil isolates), which was isolated at several locations in Indonesia. GLL1 demonstrated c 2011 Institute of Molecular Biology, Slovak Academy of Sciences 28 D. Natalia et al.
high activity and showed potency in thermostability. Therefore, characterization of the enzyme is important. Furthermore, elucidation of its primary structure is crucial to explain its potent properties as well as providing information for further manipulation of the enzyme.
Material and methods

Microorganism
Sacfi R64 was obtained from the culture collection at the Biotechnology Research Centre, Bandung Institute of Technology, Indonesia.
Enzyme production
The yeast cells were grown at room temperature for 48 hours on an agar plate containing 6% sucrose, 1.5% bacto agar, and 10% bean sprout extract. The cells were then transferred into a medium containing 1% sago starch and 1% yeast extract, and the production was aerobically carried out in an Erlenmeyer flask on a rotating shaker (New Brunswick Scientific, Edison, NJ, USA) with a constant agitation speed of 180 rpm at room temperature. After 5 days, the secreted glucoamylase in the medium was separated from the yeast cells by cold centrifugation at 4 • C for 10 minutes at 4,500×g.
Enzyme purification
The purification of the enzyme was essentially done following the previously described procedure for α-amylase (Hasan et al. 2008 ), but fractions with glucoamylase activity were targeted instead. After the purification on a resource-Q anion exchanger column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), the partially purified enzyme was applied to a Superdex-75 size exclusion column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), which has previously been equilibrated with 20 mM Tris-HCl buffer, pH 8.0, containing 200 mM NaCl. Fractions that demonstrated glucoamylase activity were collected and concentrated over a microcon 10 kDa cut-off membrane (Millipore B.V., Amsterdam, The Netherlands).
Protein concentration determination
Protein concentrations were determined according to Bradford (1976) , using the Bio-Rad protein assay (Bio-Rad Laboratories, Veenendaal, The Netherlands) with bovine serum albumin as the standard.
Electrophoresis and molecular mass determination
The molecular mass of the enzyme was determined by sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) employing the Pharmacia Phast system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden. A 20% homogeneity pre-casted Phast-gel was used and the protein bands were visualized with silver nitrate staining.
Enzyme activity assay
The glucoamylase activity was determined according to Fuwa (Fuwa 1954; Xiao et al. 2006) . Briefly, 50 µL of diluted enzyme was added to 50 µL of soluble starch in 20 mM K-phosphate buffer, pH 6.0. The mixture was incubated at 50 • C for 10 minutes and the reaction was stopped by the addition of 25 µL of 0.1 M HCl. Finally, 50 µL of 0.1% I2 in 1% KI was added to the mixture and the volume of the solution was adjusted to one mL with milli-Q water. The absorbance of the iodine-starch complex was measured at 600 nm. For the control, enzyme was inactivated with the addition of 25 µL of 0.1 M HCl before the reaction. One unit of the enzyme activity was defined as the amount of enzyme that caused a decrease of 10% of absorbance 600 nm under the assay conditions.
Characterization
The search for optimum enzyme activity was performed by varying the pH values of the MMT universal buffer (containing L-malic acid, MES and Tris-HCl), and by varying the incubation temperature during the enzyme activity assay. The effect of inhibitor was evaluated in the presence of 0 to 50 µM acarbose.
Analysis of starch hydrolysis products by means of thin-layer chromatography
After an activity assay, the reaction mixture was applied onto a thin-layer chromatography (TLC) plate consisting of silica gel 60 (20 cm × 20 cm, Merck, Germany). The plate was then placed in a TLC-chamber saturated with butanol:ethanol:water mixture (5:5:3, v/v/v). The polysaccharides on the TLC plate were visualized by shortly submersing the TLC plates in methanol:water:H2SO4 mixture (45:45:10, v/v/v) followed by heating at 120 • C for 15 minutes.
Molecular mass analysis by mass spectrometry
The precise molecular mass of the protein was determined by Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS). First, 5 µL of 5 pmol purified and salt-free protein was loaded to a 10 kDa cut-off microcon centrifugal concentrating device (Millipore B.V., Amsterdam, The Netherlands). The sample was then eluted with a sinnapinic acid matrix in 50% acetonitrile, 0.05% trifluoroacetic acid. Bovine serum albumin was used for internal standard calibration.
Amplification of GLL1 gene
The glucoamylase gene was obtained by PCR using the chromosomal DNA of Sacfi R64 as the template. A set of primers was designed based on the nucleotide sequence of the glucoamylase gene GLU1 (GenBank accession number M17355). The PCR was done using the GAGGAAGAATTCGCCTATCCTTCTTTTGAAG and GAGGAACTCGAGCCAAAGCCTTGACCTTATTTC as the forward and reverse primers, respectively (MDBio, Seoul, Korea). These primers consisted of the sequence of mature GLU1 and additional restriction enzyme recognition site for later cloning into an expression vector. The PCR was carried out with the following set up: one cycle of 5 minutes at 94 • C, 25 cycles of sequentially 60 seconds at 94 • C, 60 seconds at 50 • C, and 2 seconds at 72 • C, and finally one cycle of 5 minutes at 72 • C. The purified PCR products were sequenced at Macrogen (Seoul, Korea) employing the universal primers T7 and SP6. The result of the sequencing was analyzed by the ABI PRISM program (Applied Biosciences, Carlsbad, CA, USA). The nucleotide sequences of the GLL1 gene was deposited with the GenBank under the accession number HQ415729.
Structural analysis
The structural analysis was performed with the program COOT (Emsley & Cowtan 2004) and the figures were prepared using the program PyMOL (DeLano 2008). The structure of GLU1 (Sevcik et al. 2006) in the absence (PDB accession code 2FBA) and presence (PDB accession code 2F6D) of acarbose were employed. 
Results and discussion
Purification and identification GLL1 was successfully obtained after sequential purification steps with Butyl-Toyopearl 650M hydrophobic interaction, DEAE-Toyopearl 650M anion exchange, Resource-Q anion exchange, and Sephacryl 75 size exclusion chromatography columns. The enzyme was coexpressed with α-amylase (Hasan et al. 2008) , which is the other enzyme in the amylolytic enzyme complex secreted by Sacfi (Hostinova 2002) . Since the two enzymes share similar properties, any possible contamination from α-amylase must be prohibited. The sugar analysis by TLC suggested that the product of the enzymatic reaction solely contained glucose (Fig. 1) thus characterizing the purified enzyme as glucoamylase. Further, the specific activity of this purified enzyme was 4.1×10 4 U/mg.
Characterization of GLL1
The molecular mass of the enzyme was ∼56 kDa, as judged from the SDS-PAGE and confirmed by the MALDI-MS analysis (Fig. 2) , being 56,583 Da. This result is similar to the molecular mass of GLU1 (Itoh et al. 1987) , GLA1 (Hostinova et al. 1991) and of the two glucoamylases secreted by Sacfi strain IFO0111 (Futatsugi et al. 1993 ). Nevertheless, the molecular mass obtained from protein analysis is ∼2 kDa larger than the size of GLL1 deduced from its nucleotide sequence (see below). The difference in mass is likely caused by glycosylation, which is not required for the activity but for the secretion and stability of fungal glucoamylase (Norouzian et al. 2006) . Similar situation was reported upon the analysis of the molecular mass of GLU1 (Itoh et al. 1987) .
GLL1 demonstrated optimum activity at the pH range of 5.6-6.4 ( Fig. 3a) and at 50 • C (Fig. 3b ). Nevertheless, ∼75% enzyme activity was still observed at pH 4.8 and 6.8, and at 60 • C, indicating that GLL1 has a broad optimum working conditions. The optimum working pH profile of GLL1 is similar to that of GLA1 and GLU1 recombinants, which were over-expressed in Saccharomyces cerevisiae. However, its activity profile at different temperature resembles that of GLU1 recombinant (Gasperik & Hostinova 1993) . This observation suggests that the effect of temperature on the activity and/or stability of GLL1 is similar to GLU1. In addition, a 50% decrease in the enzyme activity (IC50) occurred in the presence of 5 µM acarbose (Fig. 4) , a substrate-analogue inhibitor for glycoside hydrolases. The binding of acarbose to glucoamylase was reported earlier; the binding to GLA1 being found stronger than to GLU1, moreover, it was ten times stronger than to Aspergillus niger (Aspni) glucoamylase (Solovicova et al. 1999) . Interestingly, the IC50 of GLL1 is ∼100 times higher than that of Aspni glucoamylase, which is 0.04 µg/mL (0.06 µM) (Truscheit et al. 1981) . This finding indicates that the character of GLL1 upon the binding of acarbose resembles that of GLU1.
Primary structure
The size of GLL1 gene obtained from the PCR experiment was 1.48 kb that encodes a protein with a molecular mass of 54,120 Da, which is the size of the mature Sacfi glucoamylases. The GLL1 does not include the signal peptide (Hostinova & Gasperik 2010) . Based on the in silico translation the number of amino acid residues in GLL1 is 492, which is identical to that of GLA1 and GLU1 (Hostinova & Gasperik 2010) . Moreover, the alignment of their sequences showed a high degree of identity (Fig. 5) , with only seven different residues. Uniquely, these residues are also the variable residues between GLA1 and GLU1 (Hostinova & Gasperik 2010) . The residues D27, D46, and V377 of GLL1 are identical to GLA1 while E166, A410, Y461, and G467 are identical to GLU1. G467 is of particular interest because its exchange to a serine residue (in GLA1) results in a decrease in thermostability and affinity towards substrate (Solovicova et al. 1999) . In contrast, this substitution is also responsible for the superior acarbose binding capability of GLA1. In this respect, G467 justifies our finding that GLL1 and GLU1 has similar optimum working temperature profile and shows weaker interaction with acarbose in comparison to GLA1.
In addition, no cysteine residue was found in the GLL1 amino acid sequence, similar to the previously reported for GLU1 and GLA1 (Hostinova 2002) . This finding was confirmed by the observation that GLL1 migrated with a similar mobility in SDS-PAGE gels in both the absence and presence of β-mercaptoethanol (data not shown).
Structural study of GLL1
The amino acid sequence of GLU1 is almost identical to that of GLL1, therefore the use of GLU1 structure (Fig. 6a) (Sevcik et al. 2006) for the structural study of GLL1 is reasonable. In order to explore variations observed in the GLL1 amino acid sequence, substitutions are introduced to the GLU1 structure.
GLL1 is unique because its amino acid sequence combines the variations occurring between GLA1 and GLU1. In GLU1, D27 and D46 of GLL1 are substituted by a glutamate and an asparagine, sequentially. The two residues are solvent-exposed and away from the acarbose-binding sites (Fig. 6b) , thus the substitution may have no effect on the enzyme activity. On the other hand, the occurrence of V377 instead of an alanine residue may improve hydrophobic interactions with its surrounding hydrophobic residues (Fig. 7) . V377 is located in the interface between helices α11, α13 and α14, which are the helices that compose the C-terminal region. The interactions promoted by V377 may be involved in the stabilization of this region. Among the four GLL1-variable residues that are identical to GLU1, G467 is of particular interest. Conservation of this residue further supports thermostability property of GLL1.
Based on the comparison of its amino acid sequence to that of GLM, the residues R15, H447, D450, T462, Y464 in GLL1 are responsible for raw-starch binding (Sevcik et al. 2006) . These residues are also present in GLU1 and GLA1. GLU1 demonstrates raw-starch 5 . Alignment of the amino acid sequences of GLL1, GLU1 and GLA1. The amino acid sequence of GLL1 was translated from the nucleotide sequence, while those of GLU1 and GLA1 were obtained from GenBank uder the accession numbers M17355 and X58117, respectively). The black boxes show the amino acid residues that are discussed in the text. The first 7 and the last 8 amino acid residues of GLL1 were derived from GLU1. binding capability (Gasperik et al 2005) , as GLM does. Despite of the absence of the starch-binding domain (Sevcik et al 2006) , similar to GLU1, GLL1 also demonstrated raw-starch binding capability (data not shown).
The occurrence of Y464 in GLL1 instead of phenylalanine residue as in GLM is the discriminating factor between GLL1 and GLM in its ability to digest rawstarch. Interestingly, the Sacfi R64 α-amylase (Sfamy) demonstrates raw-starch degrading capability but is not adsorbed to raw starch (Hasan et al 2008) . This enzyme is always found to be co-expressed with GLL1. Moreover, the two enzymes share very similar biochemical properties, such as optimal working pH and temperature, interaction to ion exchanger, and molecular mass. Therefore, their separation is a difficult task and can only be done on an hydrophobic interaction column. As described above, GLL1 demonstrated raw-starch binding but no raw-starch degradation, as oppose to Sfamy. Based on this observation, we hypothesize that the two Fig. 7 . Mutation of the alanine (blue) to a valine (brown) residue at position 377 in GLL1. The valine residue is oriented according to the highest probability for the rotamer. The presented atomic distances are in 6.
enzymes are complementary to each other.
In conclusion, Sacfi R64 secretes GLL1, whose characteristics resemble those of GLU1 that is thermostable and able to bind raw starch. This finding promotes GLL1's prospect for its utilization in industrial processes that require those properties.
